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Abstract
Previous studies suggest that interactions between dust particles and clouds are 
significant; yet the conditions where dust particles can serve as cloud condensation nuclei (CCN) 
are uncertain.  Since major dust components are insoluble, the CCN activity of dust strongly 
depends on the presence of minor components.  However, many minor components measured in 
dust particles are overlooked in cloud modeling studies.  Some of these compounds are believed 
to be products of heterogeneous reactions involving carbonates.  In this study, we calculate
Kohler curves (modified for slightly soluble substances) for dust particles containing small 
amounts of K+, Mg2+, or Ca2+ compounds to estimate the conditions where reacted and unreacted 
dust can activate.  We also use an adiabatic parcel model to evaluate the influence of dust 
particles on cloud properties via water competition.  Based on their bulk solubilities, K+
compounds, MgSO4×7H2O, Mg(NO3)2×6H2O, and Ca(NO3)2×4H2O are classified as highly soluble 
substances, which enable activation of fine dust.  Slightly soluble gypsum and MgSO3×6H2O, 
which may form via heterogeneous reactions involving carbonates, enable activation of particles 
with diameters between about 0.6 and 2 mm under some conditions.  Dust particles > 2 mm often 
activate regardless of their composition.  Only under very specialized conditions does the 
addition of a dust distribution into a rising parcel containing fine (NH4)2SO4 particles 
significantly reduce the total number of activated particles via water competition.  Effects of dust 
on cloud saturation and droplet number via water competition are generally smaller than those 
reported previously for sea salt.  Large numbers of fine dust CCN can significantly enhance the 
number of activated particles under certain conditions.  Improved representations of dust 
mineralogy and reactions in global aerosol models could improve predictions of the effects of 
aerosol on climate.
8/21/2006
3
1. Introduction
Large quantities of dust particles are entrained into the atmosphere in arid and semi-arid 
environments.  Interactions between dust and clouds may be an important pathway for aerosol to 
influence climate.  Under some conditions, dust particles can suppress precipitation by providing 
large concentrations of cloud condensation nuclei (CCN) that lead to the formation of clouds 
dominated by small droplets with low coalescence efficiencies (Rosenfeld et al., 2001).  
Conversely, dust particles may enhance precipitation formation in some continental 
environments by providing giant CCN that form large droplets with high collection efficiencies 
(e.g., Yin et al., 2002).  Dust that is acidified through cloud processing may be an important 
source of bioavailable iron to oceans (Meskhidze et al., 2005), and dust particles that act as CCN 
have reduced atmospheric lifetimes (Fan et al., 2004).  Also, water uptake by coarse dust 
particles could reduce cloud saturation and inhibit activation of more numerous fine particles.
Despite the importance of dust particles as CCN, the conditions for which dust can 
activate into cloud droplets are unclear.  When first emitted, dust particles are often composed of 
insoluble or low-solubility components.  In modeling studies, the assumption is sometimes made 
that cloud droplets cannot nucleate on these particles (Wurzler et al., 2000; Yin et al., 2002).  
However, several laboratory studies report multilayer water coverage on insoluble dust and 
calcium carbonate at relative humidities (RHs) less than 100% (Chiarello et al., 1993; Gustafsson 
et al., 2005; Seisel et al., 2005).  These measurements suggest that freshly emitted dust particles 
can serve as CCN under some conditions. 
During transport, CaCO3 in dust can react with gases such as HNO3 and SO2 to form 
components that may enhance dust’s ability to serve as CCN.  The main product of the HNO3
reaction is calcium nitrate, which deliquesces at low RH and greatly enhances dust 
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hygroscopicity (Laskin et al., 2005).  In the case of the SO2 reaction with CaCO3, calcium sulfite 
appears to form, and the sulfite can be oxidized to sulfate by gas-phase ozone (Usher et al., 
2002).  Since the solubility of calcium sulfite is similar to that of CaCO3, the SO2 reaction may 
not enhance the hygroscopicity of dust initially.  If gypsum (CaSO4×2H2O) forms subsequently 
through sulfite oxidation, the resulting particles could be more efficient CCN than the original 
CaCO3-containing dust.  However, the significance of this enhancement is unclear because 
gypsum is only slightly soluble (Linke and Seidell, 1965; Laaksonen et al., 1998).  For dust 
particles without carbonates, condensation of H2SO4 could lead to a highly soluble form of 
sulfate, such as (NH4)2SO4, coating the surface of the dust.  The potential of reacted dust 
particles to serve as CCN is likely to depend on the particular reaction products for some 
atmospheric conditions.  Yet studies on the activation of reacted dust treat the particles as having 
an insoluble core with a highly soluble sulfate coating and do not consider slightly soluble or 
non-sulfate products (Fan et al., 2005).  
In addition to the dust components just mentioned, numerous other compounds can 
influence the nucleation of cloud droplets on dust.  Ro et al. (2005) reported components such as 
MgCO3, MgSO4, K2CO3, KNO3, and K2SO4 in single-particle measurements of Asian dust 
sampled in Korea.  The nitrate and sulfate components may have formed during transport via 
heterogeneous reactions with carbonates.  Other studies report the presence of halite (NaCl) in 
dust aerosols (e.g., Andronova et al., 1993; Gill, 1996).  Okada and Kai (2004) detected halite 
that was believed to originate from salt flats in about 10% of dust particles collected at Qira in 
the Taklamakan Desert.  Trace amounts of soluble material in dust particles can drastically 
reduce the saturation required for activation (Dusek et al., 2006), and a recent study by Roberts 
et al. (2006) indicates that chemical composition may have an important influence on the 
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activation of long-range transported Asian dust.  Therefore the numerous minor components 
present in dust at emission and acquired during transport may strongly influence dust’s ability to 
serve as CCN under some conditions.
The primary goals of this study are to evaluate how heterogeneous reactions with 
carbonates influence dust activation and to investigate the effects of dust on cloud properties via 
water competition.  Improved understanding of these issues will improve treatments of dust-
cloud interactions in global aerosol models and predictions of aerosol effects on climate.  First, 
conditions where dust particles can act as CCN are estimated from Kohler curves for dust 
containing insoluble, slightly soluble, and highly soluble components, as well as their mixtures.  
Next, the influence of dust on cloud saturation and number of activated particles is investigated 
by introducing dust distributions into an adiabatic parcel model containing a fine (NH4)2SO4
distribution.
2. Approach
2.1 Dust Composition
The components of dust particles considered here that may dissolve in water are listed in 
Table 1 with their deliquescence relative humidities (DRHs) (where available) and solubilities.  
While the stable hydrates are generally indicated, the actual solid phases in dust particles are 
unclear in some cases.  The components treated as slightly soluble are CaCO3, MgCO3, 
MgCO3×3H2O, CaSO3×0.5H2O, MgSO3×6H2O, and CaSO4×2H2O; the remaining compounds in 
Table 1 are treated as highly soluble (i.e., deliquescent).  Quartz is chosen to represent the 
insoluble portion of dust particles.  We do not consider insoluble smectite clays that swell by 
acquiring water with increasing relative humidity (Hensen and Smit, 2002; Frinak et al., 2005)
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The carbonate content of dust appears to be highest in the coarse size fraction (Pye, 1987; 
Usher et al., 2003) and varies considerably with source region.  For instance, Wang et al. (2005)
reported that the carbonate content of soils in northern China decreases systematically from west 
to east from 11.8% to 0.3%.  Alpert and Ganor (2001) reported high carbonate content (29% 
CaCO3, 26% CaMg(CO3)2) for non-clay minerals sampled in Israel that appeared to originate 
from Algeria, Libya, and Israel.  Laskin et al. (2005) found little carbonate in Saharan and inland 
Saudi Arabian soil, but significant carbonate in soil from coastal Saudi Arabia and China.  Given 
the regional differences in carbonate content, we consider a range of compositions.   
2.2 Equilibrium (Kohler) Theory
Curves based on the modified Kohler equation (Shulman et al., 1996; Laaksonen et al., 
1998) illustrate the water saturation required to activate particles containing slightly soluble 
components (SSCs).  According to modified Kohler theory, the saturation ratio of water (Sw) for 
a particle containing an insoluble, slightly soluble, and highly soluble component is expressed as
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where D is the particle diameter, Dcore is the diameter of the undissolved particle core (quartz 
plus undissolved SSC), Mw is the molar mass of water, sw is the surface tension of water, R is the 
gas constant, T is the temperature, rw is the density of water, nHSC is the number of moles of the 
highly soluble component (HSC), nHSC is the number of moles of ions formed from the 
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dissociation of one mole of the parent HSC, GSSC is the solubility of the SSC (kg-SSC/kg-H2O), 
MSSC is the molar mass of the SSC, 0wn is the number of moles of water needed to completely 
dissolve the SSC, and nw is the number of moles of water in the particle solution.  Droplets and 
particle cores are assumed to be spherical in our calculations.
The third term on the right side of (1) describes the reduction in the saturation ratio by 
highly soluble compounds, and the fourth describes that due to slightly soluble ones.  The 
absolute effect of the HSC on the saturation ratio increases with decreasing particle diameter as 
this substance concentrates in the particle solution. The effect of the SSC on the saturation ratio 
is constant because this substance precipitates to maintain the solubility concentration as particle 
water decreases. The HSC and SSC are assumed not to react with each other in the derivation of 
(1)–(3) (Laaksonen et al., 1998); however, the influence of the HSC on the solubility of the SSC
can be taken into account as necessary when solubility data for the mixed solution are available.  
Curves based on (1)–(3) are given in Section 3.1 for representative dust compositions and are 
used to estimate conditions for which dust particles can activate into cloud droplets.
2.3 Kinetic Considerations
Ghan et al. (1998) reported that the addition of a sea-salt distribution into a rising parcel 
containing an (NH4)2SO4 distribution can increase or decrease the overall cloud droplet number 
depending on the atmospheric conditions.  Similarly, coarse dust particles may enhance the cloud 
droplet number by providing CCN or decrease the droplet number by reducing the cloud 
saturation and inhibiting activation of numerous fine particles.  Here we use an adiabatic parcel 
model with detailed microphysics to investigate the influence of dust distributions externally 
mixed with a fine (NH4)2SO4 distribution on parcel saturation and the number of activated 
particles.
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The adiabatic model is based on the standard prognostic equations for conservation of 
heat and moisture in a one-dimensional parcel rising with constant velocity. The equations are 
not given here because they are readily available elsewhere (e.g., Seinfeld and Pandis, 1998, 
Chapter 15).  Condensational particle growth is calculated similar to Majeed and Wexler (2001); 
however, the saturation ratio of water is determined in the transport equation according to (1)–(3) 
to account for slightly soluble substances.  Since our focus is on the formation of cloud droplets 
and collision efficiencies are small in the early stages of cloud development, droplet collisions 
are not considered in the model.  Simulations are initialized with T = 280 K and pressure = 1000 
mbar.  Constant updraft velocities range from 0.05 to 1 m/s. The accommodation coefficient for 
water vapor is 1, the thermal accommodation coefficient is 0.96, the vapor jump length is 1.096 
´ 10-5 cm, and the thermal jump length is 2.16 ´ 10-5 cm.  The (NH4)2SO4 aerosol is represented 
by a lognormal number distribution with a geometric mean diameter (Dg) of 0.16 mm and 
geometric SD (sg) of 1.4.  These conditions (simulation parameters and (NH4)2SO4 distribution)
match those of Ghan et al. (1998) and allow water competition due to dust to be compared with 
previous results for sea salt.  However, we initially equilibrate aerosol at an RH of 97% rather 
than 100% (Ghan et al., 1998) to account for kinetic limitations near the cloud base (Nenes et al., 
2001; Phinney et al., 2003).  Coarse dust is represented by a lognormal distribution with sg = 2.0 
and Dg = 1.5 or 2.2 mm, which is suitable for long-range transported dust (e.g., Patterson and 
Gillette, 1977; McTainsh et al., 1997; Singer et al., 2004).  A case in which dust is represented 
by a trimodal distribution is also considered: Dg1 = 0.2 mm, Dg2 = 0.8 mm, Dg3 = 2.0 mm based on 
Levin et al. (2005), sg1 = sg2 = sg3 = 2.0.  A giant dust mode (> 5 mm) is not considered because 
of the short atmospheric lifetime and low concentration of these particles.  One hundred bins 
evenly spaced in log diameter are used to represent each distribution.   
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Calculation of the water vapor pressure according to (1)–(3) assumes that particle water 
is saturated with the slightly soluble component until this substance fully dissolves.  However, 
the solution will be subsaturated if the dissolution rate of the SSC is slow compared to the 
condensation rate of water.  The following ratio can be used to determine if the solution is 
subsaturated due to kinetic limitations:
SSC
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æ is the rate of change of mass of component j in the particle solution.  The solubility 
factor in the numerator normalizes the expression so that Ratio < 1 indicates a saturated solution 
and Ratio > 1 indicates a subsaturated (kinetically limited) solution.  
Calculation of the ratio in (4) is difficult for several reasons.  The dissolution rates 
required to determine 
SSCdt
dm
÷
ø
ö
ç
è
æ are complex functions of solution properties and are not available 
for some substances.  The dissolution measurements that are available are for bulk experiments 
that may not represent conditions in a growing particle.  Also, calculation of (4) requires 
information on the surface area of the dissolving substance, which is difficult to specify 
accurately.  Here we set the SSC concentration to the solubility (i.e., equilibrium) value in 
growth calculations when solid-phase SSC is present in the droplet core.  We consider estimates 
of (4) in situations where dissolution kinetics could be important. 
3. Results and discussion
3.1 Kohler Curves for Dust Particles
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Kohler curves illustrating the saturation ratio (ratio of the water vapor pressure above a 
curved solution droplet to that above a flat pure water surface) are given in Figure 1 for dust 
particles (0.8 mm dry diameter) containing an insoluble quartz (SiO2) core coated with slightly 
soluble calcium components.  The curves have attributes of the Kelvin curve for pure water.  
Since no highly soluble substances are present in the particles, the third term on the right side of 
(1) is zero and (1) reduces to the Kelvin equation modified by a constant factor (–gSSC).  The 
constant factor is determined by the solubility of the SSC and shifts the curves to lower 
saturation ratios than those of the traditional Kelvin curve for pure water.  Since the solubilities 
of CaCO3 and CaSO3×0.5H2O are small (Table 1), the curve for these components is very close to 
that of pure water (Figure 1).  For cloud supersaturations of 0.2%, CaCO3 and CaSO3×0.5H2O 
particles will activate if they have dry sizes greater than about 1 mm.  
For quartz particles coated with gypsum, saturation ratios are reduced by gSSC = 5.4 ´ 10-4
compared to pure water for diameters where solid-phase gypsum is present in the particle core.  
Following the gypsum-SiO2 curve in Figure 1 from left to right, notice that the saturation ratios 
are equal to those of pure water minus gSSC = 5.4 ´ 10-4 until the diameters are reached where the 
different percentages of gypsum fully dissolve and the saturation ratios abruptly increase with 
diameter.  For cloud supersaturations of 0.2%, gypsum-coated particles with diameters greater 
than about 0.8 mm will activate.  For some lower supersaturations, particles coated with gypsum 
could initially activate, but then deactivate when they grow beyond the size where all gypsum 
dissolves and the saturation ratio increases with further growth (Figure 1). 
Kohler curves for particles coated with slightly soluble magnesium compounds are 
shown in Figure 2.  Similar to CaCO3 and CaSO3×0.5H2O, the solubility of MgCO3 (magnesite) 
8/21/2006
11
is low and saturation ratios for MgCO3-coated particles are very close to those for a pure water 
particle.  For particles coated with MgCO3×3H2O, the curves are similar to those just discussed 
for gypsum because the solubilities of these compounds are similar.  Although the stable form of 
magnesium carbonate is the trihydrate at 298 K (e.g., Kline, 1929), the anhydrous form is also 
common in nature.  Various forms of magnesium carbonate (MgCO3, MgCO3×3H2O, 
CaMg(CO3)2, etc.) are likely to be present in small amounts in dust particles.  
The solubility of MgSO3×6H2O is the highest of the SSCs considered and corresponds to 
a reduction in saturation ratio of gSSC = 1.8 ´ 10-3 compared with pure water particles.  For 
supersaturations of 0.2%, MgSO3×6H2O-coated particles with diameters greater than about 0.55 
mm will activate.  For lower saturation ratios, some MgSO3×6H2O-coated particles could initially 
activate and then deactivate after all MgSO3×6H2O dissolves and the saturation ratio begins to 
increase with diameter (Figure 2).  Magnesium sulfite could form in dust via reactions between 
SO2 and magnesium carbonates; e.g.,
MgCO3(s) + SO2(g) + nH2O « MgSO3×nH2O(s) + CO2(g), (R1)
where n is the hydration number.  In Figure 3, equilibrium concentrations of SO2 for (R1) are 
shown.  The equilibrium calculations were made according to Kelly and Wexler (2005).  For 
atmospheric SO2 concentrations greater than the equilibrium values in the figure, the forward 
direction of (R1) is thermodynamically preferred.  Ambient SO2 concentrations can exceed the 
equilibrium values, and so this reaction could occur in the atmosphere, e.g., when dust layers mix 
with urban pollution.  Note, however, that Mg2+ carbonates are generally present in dust in 
smaller amounts than Ca2+ carbonates.    
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Kohler curves for particles with a 0.79 mm quartz core coated with highly soluble 
substances are shown in Figure 4.  The quartz core was assumed to have been originally coated 
with CaCO3, MgCO3, or K2CO3×1.5H2O to form a 0.8 mm particle.  The carbonates were then 
converted to the corresponding nitrate, sulfite, or sulfate (as if by reaction).  The dry diameters 
for some of the resulting particles differ slightly from 0.8 mm (see Figure 4 caption) because of 
the different properties of the compounds.  The dramatic lowering of the saturation ratio with 
decreasing diameter by the presence of a small coating of highly soluble substance is evident 
from a comparison of the curves in Figure 4 with those for slightly soluble substances in Figure 1 
and 2.  Also, the results in Figure 4 indicate that differences in saturation ratios for the different 
HSCs are often small.  This behavior suggests that the effect of the various HSCs on activation 
could be largely captured in cloud activation parameterizations with a single representative 
compound (e.g., (NH4)2SO4).  
Modified Kohler curves for particles containing 80%-quartz, 19%-CaSO4×2H2O or -
MgSO3×6H2O, and 1%-Ca(NO3)2×4H2O or -Mg(NO3)2×6H2O (mass percentages) are shown in 
Figure 5.  The effect of the HSC on the solubility of SSC was neglected in these calculations 
based on the dilute nature of the solutions (Seidell and Smith, 1904).  Traditional Kohler curves 
are also shown in Figure 5 for particles containing 99%-quartz and 1%-Ca(NO3)2×4H2O or -
Mg(NO3)2×6H2O.  The slightly soluble substances lower the saturation ratios in the diameter 
range where the maximum occurs in the traditional curves for Ca(NO3)2×4H2O-SiO2 and 
Mg(NO3)2×6H2O-SiO2 particles.  The addition of SSCs to dust particles with small amounts of 
HSCs could cause an initial activation stage to occur early in the cloud formation process.  
3.2 Cloud Model Simulations
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The maximum saturation attained in parcel simulations with externally-mixed (NH4)2SO4
(Dg = 0.16 mm, sg = 1.4) and dust (Dg = 2.2 mm, sg = 2.0) distributions are shown as a function 
of updraft velocity in Figure 6.  The dust particles contain 20% gypsum or 2% Ca(NO3)2×4H2O 
by mass with the remaining mass present as a quartz core.  (NH4)2SO4 concentrations are 300 or 
1000 particles cm-3, and dust concentrations are 5 or 10 cm-3.  The (NH4)2SO4 concentrations 
match values considered by Ghan et al. (1998) based on measurements in marine environments.  
The dust concentrations are much greater than typical atmospheric values, but airborne 
measurements suggest such concentrations can occur in cloud environments during large dust 
events (e.g., Junkermann, 2001; Levin et al., 2005).  The presence of the dust distributions 
reduces the maximum parcel saturation because a significant amount of water vapor condenses 
on the dust particles (Figure 6).  The absolute effect of the Ca(NO3)2×4H2O distributions on 
maximum saturation is greater than that of the gypsum distributions, because Ca(NO3)2×4H2O 
particles acquire water vapor throughout parcel ascent, whereas gypsum particles do not acquire 
water until a certain saturation is attained (see Figure 1 and 4).  Gypsum distributions in turn 
have a greater absolute effect on maximum saturation than CaCO3 distributions (curves not 
shown for clarity), because of the higher saturation ratios associated with CaCO3 than gypsum 
particles.  The effect of dust particles on maximum saturation is smaller for the case of 1000 
(NH4)2SO4 particles cm-3 than for 300 cm-3—dust represents a smaller fraction of the overall 
surface area in the case of 1000 cm-3.  Similarly, the effect of coarse dust on cloud saturation is 
likely minor in environments where non-dust particle concentrations are >> 1000 cm-3.
In Figure 7, the total number of activated particles (dust plus (NH4)2SO4) is shown for the 
simulations of Figure 6.  Depending on the updraft velocity, the presence of dust increases or 
decreases the total number of activated particles compared to the (NH4)2SO4-only case.  For an 
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updraft velocity of 0.05 m/s, the total number of activated particles reduces by a maximum of 
about 25% due to the presence of dust for (NH4)2SO4 concentrations of 300 cm-3 or 1000 cm-3.  
Competition for water vapor is significant at this low velocity, and so water uptake by dust 
decreases the saturation and overall number of activated particles.  For an updraft velocity of 1 
m/s, the total number of particles activated increases by a maximum of about 3% 
[(NH4)2SO4=300 cm-3] or 0.8% [(NH4)2SO4=1000 cm-3] in the presence of dust.  At velocities 
near 1 m/s, competition for water vapor is limited, and so dust adds to the CCN population.
The total number of particles activated is shown in Figure 8 for simulations with dust 
distributions having Dg=1.5 mm (sg = 2.0) externally mixed with the standard (NH4)2SO4
distribution.  The influence of dust on the total number of activated particles is considerably less 
in this case compared to the one in Figure 7, where the dust Dg=2.2 mm. For Ca(NO3)2×4H2O-
coated particles, the influence is less because of the decrease in particle surface area available for 
condensation associated with the decrease in mean particle size.  For gypsum coated-particles, 
the influence is smaller because of the decrease in available surface area associated with the 
decrease in particle size and the corresponding increase in water vapor pressure (see gypsum-
SiO2 curves in Figure 1).  The influence of composition on the activation of dust particles with 
different dry diameters is illustrated in Figure 9 for simulation conditions of Figure 6 and 7.  The 
time evolution of diameter is shown for three size bins (selected from 100 bins) for CaCO3, 
gypsum-SiO2, and Ca(NO3)2×4H2O-SiO2 dust distributions (Dg=2.2 mm, sg = 2.0) externally 
mixed with the (NH4)2SO4 distribution (300 cm-3).  Parcel saturation is indicated by light grey 
curves.  For a dry diameter of 1.1 mm (“1” curves), the CaCO3 and gypsum-SiO2 particle size 
does not change in time since the parcel saturation remains below the water vapor pressure.  The 
Ca(NO3)2×4H2O-SiO2 diameter grows to larger than 8 mm after 13 minutes, however, because of 
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the low water vapor pressure for these particles.  For a diameter of 1.7 mm (“2” curves), the 
CaCO3 size is constant, while the gypsum-SiO2 particles activate after about 9.7 min.  In this 
case, the gypsum-SiO2 diameter becomes larger than the Ca(NO3)2×4H2O-SiO2 diameter after 
about 12 min.  The gypsum-SiO2 diameter becomes larger, because the Ca(NO3)2×4H2O-SiO2
particles are exposed to lower saturations due to large water consumption across the 
Ca(NO3)2×4H2O-SiO2 size spectrum.  For 2.2 mm particles (“3” curves), growth occurs for all 
compositions: Ca(NO3)2×4H2O-SiO2 particles grow continuously, gypsum-SiO2 particles activate 
after about 9.5 minutes, and CaCO3 particles activate after about 9.9 minutes.
As mentioned in section 2.3, dissolution kinetics could reduce the concentration of SSC 
in the particle solution from the solubility value.  Kinetic limitations for gypsum dissolution 
would increase the water vapor pressure of gypsum-coated particles and reduce the effect of 
these particles of on cloud properties.  With dissolution rate approximated by a constant value 
(1.5´10-8 mol cm-2 s-1, Barton and Wilde, 1971) and surface area approximated by that of the dry 
particle, the ratio in (4) is < 1 (no kinetic limitation) for our simulations.  The ratio estimates 
suggest that the assumption of instantaneous dissolution for gypsum is reasonable for our 
exploratory purposes.  Note also that calculations of diffusion in growing cloud droplets by Asa-
Awuku and Nenes (2006) indicate kinetic limitations are minor for compounds with diffusivities 
~10-9 m2 s-1, which is the case for Ca2+, HSO4-, and SO42- ions (Weast et al., 1987).  Moreover, 
the influence of gypsum on dust activation is greatest for the lowest updraft velocities, where 
condensation is slowest.
Curves in Figure 1 of Ghan et al. (1998) illustrating the influence of trimodal sea-salt 
distributions externally mixed with (NH4)2SO4 on the total number of activated particles were 
recalculated here using the initial condition of RH=97% (see Figure 10 here).  Equilibration of 
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aerosol at an RH of 97% rather than 100% slightly reduces the influence of sea salt on cloud 
properties.  Comparison of curves in Figure 10 with those in Figure 7 reveals that the sea-salt 
distributions have a much greater effect on the number of activated particles via water 
competition than the dust distributions considered above.  The sea-salt distributions consume 
more water vapor than the dust, because sea salt is entirely soluble and the trimodal sea-salt 
distributions contain more particles than the single-mode dust distributions.  Levin et al. (2005)
observed dust distributions with three modes at an elevation of about 500 m and high fine-dust 
number concentrations from the surface to altitudes > 2000 m.  However, based on the Kohler 
curves discussed above, dust particles less than about 0.8 mm are unlikely to activate unless they 
contain highly soluble substances or are exposed to high supersaturations, e.g., in deep 
convection.  Fine dust particles may have smaller carbonate content than coarse dust, but HSC 
could form on fine dust by condensation of H2SO4 and NH3 to form (NH4)2SO4 coatings during 
transport.
The total number of activated particles for simulations with the standard (NH4)2SO4
distribution externally mixed with a trimodal dust distribution (Dg1=0.2 mm, Dg2=0.8 mm, 
Dg3=2.0 mm, sg1=sg2=sg3=2.0) are shown in Figure 11.  The dust particles have a SiO2 core 
coated with highly soluble substance (2% by mass).  Although highly soluble material in fine 
dust may be more likely to exist as (NH4)2SO4 than Ca(NO3)2×4H2O, we represent the HSC as 
Ca(NO3)2×4H2O throughout the distribution since (NH4)2SO4 and Ca(NO3)2×4H2O particles have 
similar Kohler curves.  The mean diameters for the dust modes were chosen based on 
observations of Levin et al. (2005) over the Mediterranean Sea under dust storm conditions.  
Dust concentrations observed in that study appear to be greater than those indicated in Figure 11, 
but few of the fine particles were observed to activate.  Here we consider possible effects of such 
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particles on cloud properties if a large fraction of them acquired soluble content during transport.  
For an updraft velocity of 0.05 m/s, the presence of the trimodal dust distribution reduces the 
total number of particles activated by a maximum of about 34% [(NH4)2SO4=300 cm-3] or 40% 
[(NH4)2SO4=1000 cm-3].  The large effect of the trimodal distributions on activated number via 
water competition is due to the large surface area and high concentration of growing particles.  
For an updraft velocity of 1 m/s, the presence of the trimodal distribution increases the total 
number of particles that activate by a maximum of about 13% [(NH4)2SO4=1000 cm-3] or 57% 
[(NH4)2SO4=300 cm-3].  The large effect of dust particles on cloud properties shown in Figure 11 
is unlikely to occur often in the atmosphere because of the simultaneous requirements of heavily 
reacted dust particles, heavy dust storm conditions, and moderate background aerosol 
concentrations.  However, the finding that large numbers of fine dust CCN can suppress 
precipitation (Rosenfeld et al., 2001) suggests that such conditions may exist in some instances.
Concluding remarks
The influence of dust composition on cloud saturation and droplet activation was 
considered in this study.  Dust components were grouped into categories as insoluble, slightly 
soluble, or highly soluble.  Dust particles were modeled as having an insoluble quartz core 
coated with K+, Mg2+, or Ca2+ compounds.  All K+ compounds, MgSO4×7H2O, Mg(NO3)2×6H2O, 
and Ca(NO3)2×4H2O were classified as highly soluble based on their bulk solubilities (Table 1).  
Small amounts of highly soluble components greatly enhance the ability of fine dust particles to 
serve as CCN.  Reactions of HNO3 or SO2 with magnesium or calcium carbonates can 
potentially increase dust solubility.  The reactions involving HNO3 are particularly effective at 
enhancing solubility because K+, Mg2+, and Ca2+ nitrates are all highly soluble.  The SO2
reaction with Mg2+ carbonates results in a slightly soluble magnesium sulfite product that may be 
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oxidized to a highly soluble sulfate, while the SO2 reaction with CaCO3 produces a nearly 
insoluble sulfite product that can be oxidized to slightly soluble gypsum.  
The importance of dust composition to dust activation is a function of particle size.  For 
some conditions, all dust particles with diameters greater than about 2 mm activate regardless of 
composition.  For dust particles between roughly 0.6 and 2 mm (actual range depends on 
conditions), the presence of slightly soluble components can induce activation of dust particles 
that would not activate if entirely insoluble.  For dust particles with diameters less than about 0.6 
mm, highly soluble substances are generally required (except under highly supersaturated 
conditions, e.g., deep convection) for activation to occur.  Since fine dust particles may contain 
less carbonate than coarse dust, the heterogeneous reactions involving carbonates that can 
enhance dust hygroscopicity may not occur as readily in the critical fine size range.  Instead, 
soluble content can be produced in fine dust by condensation of H2SO4 or may be present at 
emission.  Considering the large concentrations of fine particles in dust storms, estimates of the 
small amounts of soluble material and carbonates in freshly emitted fine dust would be useful.  A 
greater understanding of the regional prevalence of the potassium compounds and halite 
measured in dust by Ro et al. , Okada and Kai (2004), and others could improve estimates of 
water uptake by dust. 
Adiabatic parcel simulations with externally-mixed (NH4)2SO4 and coarse dust 
distributions were performed to understand the influence of dust on clouds via water 
competition.  For very specialized conditions (low updraft velocity, high concentration of reacted 
dust, and moderate background particle concentration), coarse dust particles can significantly 
reduce parcel saturation and number of activated particles.  However, coarse dust particles alone 
generally do not influence cloud properties significantly via water competition.  Note that this 
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result does not imply that the activation of large dust particles is unimportant, since small 
numbers of giant dust CCN can possibly induce precipitation events and modeling the lifetime of 
airborne dust particles requires consideration of their potential to activate.  Simulations involving 
trimodal dust distributions indicate that under some conditions (dust storm concentrations, 
heavily reacted particles, low background concentrations, and updraft velocity > ~0.5 m/s) fine 
dust particles can greatly enhance the number of activated particles.  While the conditions 
necessary for this effect are not common, the previous finding that large concentrations of fine 
dust particles can suppress precipitation suggests that the conditions may sometimes occur.     
Similarities among Kohler curves for dust containing various highly soluble compounds 
suggest that these components can be modeled by a single representative substance for most 
purposes.  Also, global aerosol models could benefit by incorporating the dependence of 
carbonate content on dust source region and particle size, since carbonate content strongly 
influences dust’s water uptake properties.  For instance, condensation of H2SO4 onto a particle 
coated with CaCO3 will likely form slightly soluble gypsum until the carbonate is depleted; 
further H2SO4 condensation leads to highly soluble content.  Moreover, modeling studies 
indicate that heterogeneous reactions preferentially occur on fine dust because of the large 
surface area and long atmospheric lifetime of this mode (Bauer and Koch, 2005).  However, in 
regions where carbonates reside primarily in the coarse mode, some reactions could 
preferentially occur on coarse dust.  Improved representations of dust mineralogy and reactions 
in global aerosol models could improve predictions of the effects of aerosol on climate.
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Figure Legends
Figure 1.  Kohler curves for particles (dry diameter = 0.8 mm) having a SiO2 (quartz) core coated 
with slightly soluble calcium compounds.  Mass percentages of calcium compound are indicated 
with the remaining mass as a SiO2 core.  ‘gyp’ indicates gypsum (CaSO4×2H2O).
Figure 2. Kohler curves for particles (dry diameter = 0.8 mm) having a SiO2 (quartz) core coated 
with slightly soluble magnesium compounds.  Mass percentages of magnesium compound are 
indicated with the remaining mass as a SiO2 particle core.  ‘MC’ indicates MgCO3×3H2O and 
‘MS’ indicates MgSO3×6H2O.
Figure 3. Equilibrium concentrations of SO2(g) for reaction (R1) with hydration number n = 3 
or 6.  CO2 concentration = 350 ppm, T=298 K, P=1000 mbar.  Thermodynamic properties from 
Wagman et al. (1982); calculations according to Kelly and Wexler (2005).  Curves indicate the 
forward direction of (R1) is preferred for some atmospheric conditions (when [SO2]ambient > 
[SO2]Equilibrium).  Note: curves indicate that MgSO3×3H2O(s) is stable even for RH near 100%, 
where MgSO3×6H2O(s) is known to be the stable phase for T < 313 K (Masson et al., 1986).  
This discrepancy could result from small inaccuracies in thermodynamic properties.  
Figure 4. Kohler curves for particles having a 0.79 mm SiO2 core coated with highly soluble 
compounds.  Dry diameters for particles with different coatings as follows: (NH4)2SO4, 
K2CO3×1.5H2O, K2SO4, and K2SO3 = 0.8 mm; Ca(NO3)2×4H2O = 0.82 mm; Mg(NO3)2×6H2O and 
MgSO4×7H2O = 0.84 mm. 
Figure 5. Kohler curves for particles (dry diameter = 0.8 mm) having an insoluble quartz core 
coated with slightly soluble and highly soluble substances.  Compositions as follows (mass 
percentages): 1% Mg(NO3)2×6H2O-99% SiO2; 1% Ca(NO3)2×4H2O-99% SiO2; 1% 
Ca(NO3)2×4H2O-19% gypsum-80% SiO2; 1% Mg(NO3)2×6H2O-19% MgSO3.6H2O-80% SiO2.
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Figure 6. Maximum saturation ratio as a function of updraft velocity for adiabatic parcel 
simulations having a lognormal (NH4)2SO4 distribution (Dg=0.16 mm, sg=1.4) externally mixed 
with a lognormal dust distribution (Dg=2.2 mm, sg=2.0).  Mass percentages of coatings are 
indicated for dust distributions with the remaining mass as a SiO2 particle core.  Total particle 
number concentrations are indicated for each distribution. 
Figure 7.  Total number of particles [(NH4)2SO4 plus dust] that activate for simulations of Figure 
6.
Figure 8.  Same as Figure 7, except dust distribution has Dg=1.5 mm rather than Dg=2.2 mm.
Figure 9. Time evolution of particle diameter and water saturation for parcel simulations of 
Figure 6 [(NH4)2SO4 = 300 cm-3].  Differences in growth occur for particles with the same dry 
diameter (Ddry) but with insoluble (CaCO3), slightly soluble (gypsum), or highly soluble 
(Ca(NO3)2.4H2O) components. ‘CN’ indicates saturation curve corresponding to simulation with 
dust particles coated by Ca(NO3)2.4H2O (2% by mass).
Figure 10. Total number of particles [(NH4)2SO4 plus sea salt] that activate for simulations 
described in Figure 1 of Ghan et al. (1998).  Curves shown here are for initial equilibration of 
aerosol at RH of 97% rather than 100%.  U-values correspond to wind speeds that result in the 
trimodal distributions described by Ghan et al. (1998) (e.g., Dg1=0.2 mm, Dg2=2 mm, Dg3=12 
mm).
Figure 11. Total number of particles [(NH4)2SO4 plus dust] that activate as a function of updraft 
velocity for simulations with an (NH4)2SO4 distribution (Dg=0.16 mm, sg=1.4) externally mixed 
with a trimodal dust distribution containing 2% Ca(NO3)2×4H2O-98% SiO2 particles (mass 
percentages).  Trimodal dust parameters are as follows: Dg1=0.2 mm, Dg2=0.8 mm, Dg3=2 mm, 
sg1=sg2=sg3=2.0 (total number concentrations for modes are given in figure).   
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Table 1. Saturation properties of dust components at 298 K (unless noted otherwise)
Dust Components DRH
(%)
msat
(mol kg-1)
Ca(NO3)2×4H2O 50.0
a 8.41f
CaSO4×2H2O –
j 1.5 ´ 10-2 e
CaSO3×0.5H2O ~100
i 7.6 ´ 10-4 e
CaCO3 ~100i 5.3 ´ 10-4 g
Mg(NO3)2×6H2O 52.9
a 4.90f
MgSO4×7H2O 90.4
c 3.0211c
MgSO3×6H2O – 5.0 ´ 10-2 h
MgCO3×3H2O – 1.5 ´ 10-2 k
MgCO3 ~100i 8.2 ´ 10-4 k
K2CO3×1.5H2O 44.5
b 8.102b
K2SO3 – 6.07f
KNO3 92.5a 3.75f
K2SO4 97.5d 0.692d
(NH4)2SO4 80.0a 5.78f
Symbols: DRH = deliquescence relative humidity, msat = saturation molality
aRobinson and Stokes (1968)
bSarbar et al. (1982)
cRard and Miller (1981)
dGoldberg (1981)
eRengemo et al. (1958)
fLinke and Seidell (1965)
gFrear and Johnston (1929)
hMasson et al. (1986)
iBased on low solubility
jO’Brien (1948) gives 98% for CaSO4×5H2O
kWells (1915) T=293 K
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